Motivation: Estimation of admixture proportions and principal component analysis (PCA) are fundamental tools in populations genetics. However, applying these methods to low-or mid-depth sequencing data without taking genotype uncertainty into account can introduce biases. Results: Here we present fastNGSadmix, a tool to fast and reliably estimate admixture proportions and perform PCA from next generation sequencing data of a single individual. The analyses are based on genotype likelihoods of the input sample and a set of predefined reference populations. The method has high accuracy, even at low sequencing depth and corrects for the biases introduced by small reference populations. Availability and implementation: The admixture estimation method is implemented in C þþ and the PCA method is implemented in R. The code is freely available at http://www.popgen.dk/soft ware/index.php/FastNGSadmix
Introduction
Identifying the genetic composition of an individual is important in population genetics. Two common methods for this are principal component analysis (PCA) and estimating admixture proportions. These analyses are often supplied called genotypes, however, using genotypes called from next generation sequencing (NGS) data can introduce significant biases, especially for low-or mid-depth sequencing data (Nielsen et al., 2012) . These biases can be reduced by taking genotype uncertainty into account (Skotte et al., 2013) .
We present fastNGSadmix, a tool for accurate and fast estimation of admixture proportions and PCA of a single NGS sample, using genotype likelihoods (GLs). GLs are the likelihood of observing the sequence data given the genotype. For more see Supplementary Material and Skotte et al. (2013) . It outperforms existing methods for admixture estimation, e.g. iAdmix (Bansal et al., 2015) and ADMIXTURE (Shringarpure et al., 2016) , by correcting for the biases introduced by limited reference population sizes.
Methods
The model for estimation of admixture proportions is based on NGSadmix from Skotte et al. (2013) , except fastNGSadmix assumes fixed admixture proportions in the reference panel populations. Let X ¼ X 1 ; X 2 ; . . . ; X M ð Þ denote the NGS data for M polymorphic sites. Assuming diallelic loci, we denote G 2 f0; 1; 2g as the unobserved V C The Author 2017. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com genotypes. Our goal is to estimate both the admixture proportions of the unknown sample, Q ¼ q 1 ; q 2 ; . . . ; q K ð Þ , and F, the allele frequencies of the K reference populations at the M sites. We calculate the GLs for site j, p X j jG À Á , using ANGSD (Korneliussen et al., 2014) . Given Q and F, we calculate the admixture adjusted allele frequency,
where f jk is the allele frequency of population k at site j, for which we assume Hardy-Weinberg equilibrium. The full likelihood of the data is,
where each genotype, G, is summed over, to take the genotype uncertainty into account. To estimate the admixture proportions of the sample, Q, we maximize over the admixture proportions and allele frequencies, ð b Q; b FÞ ¼ argmax Q;F p X j Q; F ð Þ , using the expectationmaximization (EM) algorithm modified from NGSadmix (Skotte et al., 2013) . By re-estimating the allele frequencies of the reference panel, we account for the reference population size bias. We have implemented a bootstrap approach to generate confidence intervals for the admixture proportions estimates.
Using the readily estimated admixture proportions, b Q, and GLs of the unknown sample, a PCA can be done by summing over all genotypes (Fumagalli et al., 2013) to obtain the covariance matrix described in Patterson et al. (2006) , without assuming that the genotypes of two individuals are independent. Instead the individuals are assumed to be conditionally independent given Q and F. For further details see Supplementary Material.
Results and discussion
First, we assessed the robustness of fastNGSadmix on simulated data, varying both in sequencing depth and reference population size. We simulated two admixed samples, a low-depth (0.5X) and a high-depth (20X), and two sets of three-population reference panels with varying reference sizes (N ¼ 5-100). fastNGSadmix was compared against iAdmix (Bansal et al., 2015) and ADMIXTURE (Shringarpure et al., 2016) using these simulated datasets (Fig. 1A and Supplementary Figs S1-S3 ). iAdmix also uses GLs but assumes fixed allele frequencies of the reference populations and ADMIXTURE requires called genotypes. In both comparisons, fastNGSadmix showed the smallest deviation for low reference panel sizes (N < 20). iAdmix required N > 20 individuals to accurately estimate the admixture proportions whereas ADMIXTURE performed poorly on low depth sequence data due to the bias created when calling genotypes on low depth sequence data, as shown by Skotte et al. (2013) . ADMIXTURE and iAdmix perform similarly for high depth sequence data albeit less accurate than fastNGSadmix.
Secondly, we tested the sensitivity of fastNGSadmix on real data. We applied fastNGSadmix to two ancient Saqqaq samples, one with a mid-high sequencing depth 14X ð Þ and one with an ultra-low depth 0:00015X ð Þ , against a reference panel of seven distinct human populations. In line with Rasmussen et al. (2010) , we infer a large Siberian component (Chukchi) and a smaller Han Chinese component (Fig. 1B) . As the direct ancestral population of the Saqqaq sample is not represented in the reference panel, estimates should be interpreted cautiously. Downsampling the high coverage Saqqaq sample 100 times (Fig. 1C) gave comparable estimates, likewise when analyzing the ultra-low depth Saqqaq sample ( Supplementary Fig. A6 ). The accuracy and sensitivity of fastNGSadmix at low depth is also supported by downsampling a modern Native American individual ( Supplementary Fig. S7 ). Finally, we applied fastNGSadmix to four individuals from different populations from the 1000 Genomes data and found that all the individuals were in agreement with prior results (Supplementary Figs S8-S11 ). User-defined reference panels can be constructed from genotype or sequencing data, see Supplementary Material for a description of the reference panel (and simulations) presented here. The runtime of fastNGSadmix scales with the number of covered sites. The estimation of admixture proportions shown in Figure 1B and C. took 18 and 2 s, respectively, using one core on an Intel Xeon E5 CPU. 
